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FINGER PIER/SPINE PIER CONNECTION FOR 


THE EXPEDITIONARY PIER 


INTRODUCTION 


The connection between the finger pier and the spine pier in the expedi- 
tionary pier concept was selected for further development in the current 
contract year with the Office of Naval Research, mainly because it 
represents one of the more serious technological obstacles that had to be 
overcome before the expeditionary pier could become a reality in the form 
it was originally concieved. To recap, the expeditionary pier that provides 
berthing facilities to 6 combatant ships of the destroyer class has the shape 
of an arrow on plan, and moored by a single-point mooring, partly to reduce 
wave and current forces to a minimum. The finger piers form the 
extensions to the arrow head, attached at about 45 degrees with the axis of 
the spine pier by means of a connecting structure, which is the subject of 
this report (referred to as the finger/spine hinge joint in previous reports). 
During tow, the finger piers are retracted and stowed alongside the spine 
pier. The general arrangement showing the relationship between the finger 
pier and the spine pier is presented in Figure 1. 


As indicated above, the purpose of this report is to test the feasibility of 
the retractable finger pier concept, and to assess the technological gap, if 
any, that separates it from the state of the art. The undertaking proved 
to be more formidable than expected. However, enough had been 
accomplished within the limited time for the study to understand the 
problem better, and to produce a set of reasonable figures for the 


preliminary design of the connection. 


DESIGN CONSIDERATIONS 


In order to quantify the forces that can be used in the design of the 
connection structure, it is first necessary to establish the conditions for 
which the connection is to be designed. In fact, there is only one such 
condition that needs to be considered for the purpose of this report; namely, 
the environment conditions under which the finger piers will operate. There 
are other conditions, but they are not expected to be of significant 
magnitude to influence the outcome of the order-of-magnitude assessment, 
and may be disregarded to simplify the procedure. 


Since the finger pier will be in operation only when the expeditionary pier 
is safely anchored in sheltered waters, it is reasonable to assume that the 
connection structure will not be subjected to environmental conditions more 
severe than Sea State 4. This, therefore, has been assumed as the basis for 
the connection design. 


THE ABBREVIATED ANALYTICAL SOLUTION 


It is recognized at the outset that an in-depth analysis of the connection 
with its multiple degree of movement under exciting conditions that can 
emanate from a dozen sources would be an extremely complex, exacting and 
time-consuming exercise. An abbreviated, or a short-cut solution must be 
found that will produce reasonable answers within the available time. As 
explained below, the abbreviated method consists simply of considering the 


most significant factors in the analysis, ignoring the rest, and of making 
broad assumptions on boundary conditions that are not unreasonable for the 
purpose of getting some quick answers. 


> 
The abbreviated method was partly based on the following observations 
about the connecting elements (links and shear key), see Figures 2 and 3. 
> a. The system is extremely rigid in restraining horizontal movements, 
huge forces will be developed in the elements as a consequence to 
inhibiting the pier against wave induced motion. 
Py b. The relative size difference between the finger pier and the spine pier 


is such that the analysis could justifiably be simplified by considering 

the finger pier to be connected to a fixed rather than another floating 

body. This assumption presupposes that the effect due to phase 

» differences in the motion of the finger and the spine piers will be 

small and can be neglected in this evaluation. An analytical model has 

been constructed on this basis. If a more exact analysis is required, 

the above mentioned behavior can be determined by modelling the 

> finger and the spife piers together and then obtain a time history of 

: motions for the desired sea state. It is also observed that the forces 
due to wind current and wave drift should be more or less constant, 
much lower than the transient wave forces induced by the vehicle 


motion. 
® 
Based on the above observations and assumptions, an appropriate model and 
approach were developed. The approach is to determine the free floating 
P equations of motion (dynamic matrix, and displacement and force vectors), 


and then by including the stiffness of the connection system in the free- 
floating dynamic matrix, solve the equations of motion for displacements. 
The forces in the connection elements are calculated based on the 
determined displacements. 


The analysis began with determining the free floating motions of the finger 
pier for various sea headings. The connection elements are so configured 
that they resist forces in the horizontal] plane, tension in the links is 
expected to be caused mainly by yaw moments. Forces due to surge will 
not be as significant because of the small beam of the pier relative to its 
length. Additional forces will be caused by pitching of the finger pier 
relative to the spine pier. These forces could be controlled to a great 
extent by narrowing the contact depth between the 2 piers. 


Strip theory was used to compute the free floating motions of the pier, 
modelled as a stationary vessel, and a Sea State 4 spectrum having 6 feet 
significant wave height, and mean period of 5.5 seconds. Figure 1-A 
(Appendix A) illustrates the analytical model description. 


A description of the mathematical model of the connection structure is 
shown in Figure B-1 (Appendix B). The model assumes that all vertical 
motions at the connection interface are unconstrained for pitch and heave 
motions. The connector, or link, is designed to resist forces generated by 
yaw, surge, and pitch, and the shear key is designed to resist forces due to 
sway. 


Tolerance at shear key interface and the hinges in the links will provide the 
freedom of movement in the vertical direction. 


A detailed explanation of the analytical model and its limitations are given 
in greater details in the Appendeses following this report. 


DISCUSSION OF RESULTS 


The magnitude of the free floating motions for various headings can indicate 
the critical loading conditions for the connection elements. A wave heading 
of 110° (from the longitudinal axis) was found to produce the maximum 
motions for the imposed irregular sea. Hence, further analysis was done 
only for the above wave heading. 


The drift forces due to wind, current and wave drift were added to the 
calculated transient forces. The forces in the links were determined to be 
in the order of 6,000 kips tension, or a reversible tension and compression 
of 5,000 kips based on the system design. The force in the shear key was 
found to be 1,300 kips. 


If the links are absolutely rigid, a tension-compression couple of 5,000 kips 
is developed in the links in order to resist the yaw moments. It is 
Structurally undesireable to develop compression in a slender member such 
as the link. The compression could be eliminated if the link was allowed 
to displace when in compression and the finger pier could contact (or bear 
against) the spine pier. This effect somewhat shortens the couple arm 
resisting the yaw moments, the tension is estimated to be 6,000 kips and the 
compression component of the couple is provided by the bearing stresses 
developed by the contact of the two piers. 


The analysis showed considerable heave (5 ft. relative to spine pier) and 
pitch displacements. In order to keep the link forces low and to conform 
with the assumptions of the analytical model, the heave and pitch 
displacements should be allowed. For instance, considering a total length of 
30 ft. for the link, a 5 ft. vertical displacement requires an axial extension 
of about 5 inches in the link. 


The preceding discussion indicates that the link should have a "shock 
absorbing" ability or in other words an "extendable" link is desired. For 
design purposes, the object will be to provide an axial extension of up to 18 
inches before the load capacity of the system is exceeded. A proposed 
design for an "extendable" link is discussed in the following section. 


The shape and dimensions of the finger pier may be altered to ensure 
efficient behavior. The effects of pitching can be minimized by reducing 
the depth of the contact area of the finger and spine piers. See Figure 6. 
The forces in the links can be reduced by increasing the distance between 
the two links. The effect of the forces in the links for a particular value 
of yaw moment, versus the distance is illustrated in Figure 8. 


THE CONNECTING SYSTEM 


An obvious first solution is represented by the pinned joint used by the 


offshore industry to connect the "Stinger" to the barge in the pipe-laying 


operation. The difference is however the magnitude of the forces that the 
joint has to deal with. For the stinger-type connection, the pin would have 
to be much larger and heavier, making connection in the relatively open sea 
difficult. It is also not possible for the finger pier to be swung around a 
pinned joint, with the pin aligned in the horizontal direction. If this method 
of connection is used, it will be necessary to disengage the connection 
completely when the finger pier is not in use, and to attach it to the spine 
pier by other means. 


The following considerations therefore govern the design. 
a. A system that lends itself to rapid installation and disengagement. 


This means the system should preferably be located on top of the deck 
for easy access, control and operation. 


b. A system that provides restraint in the horizontal direction, but 


relative freedom of movement in the vertical direction. 


ec. A system that incorporates "shock-absorbing" capabilities to reduce 
the huge forces generated by pier motions, and thereby bringing the 
design of the connection closer to the state of the art. 


The design that had resulted from the above described constraints and 
considerations is shown in Figure 4. The member has a length of about 30 
feet. There are two hinges at each end (labeled as horizontal hinge and 
vertical hinge), that provide vertical and horizontal rotational freedom. To 
avoid any moments on the vertical hinge due to inclined loads on the 
horizontal hinge, the "frame leaf" or the stationary part of the horizontal 
hinge is restrained by an anchor which is free to slide in a circular guide 
track. By an appropriate alignment of the two hinges (as shown in Figure 
4), it is assumed that the vertical component of the inclined load will be 
taken by the "sliding anchor" and the horizontal component will be uniformly 
distributed over the height of the vertical hinge. 


Another unusual feature of the link is the hydraulic tension "“shock- 
absorber”. A shock-absorber to meet our requirements, such as a capacity 
of 6,000 kips, stroke of 12" to 18", and a smaller compressive stiffness 
compared to a tensile stiffness is not readily available but can be specially 
fabricated. If a single shock absorber is used, the cylinder size is estimated 
to be 32 inches O.D. and ultra high strength, aircraft quality materials 
would have to be used. A survey of the industry, indicates that a 32 inch 
shock-absorber can be fabricated within the state-of-the-art technology 
with some upgrading of existing manufacturing facilities. Another approach 
could be to use a cluster of two smaller shock-absorbers in parallel. Details 
of a proposed design by Taylor Devices Ine., New York, are shown in Figure 
4-a. 


The amount of steel estimated for each link is about 88 tons. The member 


was designed using stress levels recommended by the American Welding 
Society code (AWS code). Grade 36 steel can be used for the members, but 
ultra-high strength steel, having higher stress levels than the AWS code 
recommended values, has to be used for the hinge pins in order to obtain 
practical dimensions. A total cost of $360,000 is estimated for each link. 
This price includes the cost of the hydraulie shock-absorber which is about 
$100,000. 


ALTERNATIVE SOLUTION 


The finger pier must be modified to better cope with the large forces, 
particularly the force generated by yaw moments on the two-point link 
connection. Having identified this as the prime force generator, one method 
to deal with it would be to spread the distance between the two connection 
points as much as possible. Thus if it is possible to increase this distance 
by 100%, the effect would be to reduce the yaw-induced force in the links 
by half. One might also taper the plan shape of the finger pier to that of 
perhaps half its present width of 80 feet, toward the end of the pier. The 
advantage of this modification is to bring the centre of gravity of the pier 
closer to the connection, thereby reducing the effects due to rotational 
forces. 


Displacements at deck level due to pitching can be reduced by narrowing 
the depth of the contact area between the spine and finger piers. For a 
particular pitching angle the displacement at the deck level is directly 
proportional to the distance to the point of "pivoting". 


The widening of the contact face at the connection, and the tapering of the 
pier have been combined in an alternative system shown in Figure 5. A 
proposed longitudinal section for the finger pier is shown in Figure 6. These 
modifications would be the first direct result of the further development of 
the retractable finger pier as described in this report. 


PROBLEM AREAS 


The design of the connection is generally within the state of the art. It 
would however take considerable time and effort to develop this concept to 
the application stage. 


The biggest problem area is due to the escalation of scale as represented 
by the exceedingly large forces that must safely be handled by the 
connecting link structure, the shock-absorbing capacity, and the articulating 
mechanism in the connection system. The analysis part should therefore 
present the least problem. There is no shortage of computer software 
capable of solving dynamic problems connected with the pier. The program 
OSCAR has been used here only because it was readily available. 


The problem pertaining to the design has to do with the development of 
equipment, particularly the hydraulic shock-absorbers. The fabrication of a 
large (32"0.D.) shock-absorber is not feasible within the present state of the 
art. The major portion of the total cost (100,000) of each shock absorber, 
is the cost of special high-strength, corrosion resistant materials. Further 
research may be feasible to develop more economical materials for our 
application. 


It was felt that practical dimensions for the hinge pins could not be obtained 
by using the available design guidelines for fatigue loadings. The only way 
to obtain a reasonable design is to use ultra-high strength steel, with higher 
allowable fatigue stresses. 


Figures 6 and 4 illustrate some rather unusual features of the connecting 
system. The proposed rub-strips and fenders at the interface of the finger 


and spine piers perform unusual functions and require to be developed. The 


ee 


rub-strips need to have a low coefficient of friction, and at the same time 
durable enough to justify its use and cost. The design of the sliding anchor 
will also be complex. It is required to provide constraint in the vertical 
plane but is relatively free in the horizontal plane. 


We would also require auxiliary equipment for extending and retracting the 
pier, e.g. large capacity winches with which to move the pier. These are 
not so unusual that they are not already available commercially. 


CONCLUDING REMARKS 


In the generic sense, the flexible connecting system as envisaged in this 
study, may be adapted to other purposes. For example, they could be used 
to join several barge-like vessels to form: 


a. Floating roadway to offshore installations. 
b. Floating platform for offshore installations. 
ec. Floating breakwater for offshore habour. 


These possibilities are shown in Figure 7. 


The constraint of time is particularly telling in a heavily analytical 
undertaking such as this report. Unlike some of the previous efforts, this 
report cannot therefore lay claim to any development or discovery of 
significance. It does however contribute to a better understanding of the 
problem connected with the hitching of the pier, therefore representing 


another step toward building up the technology for the retractable finger 
pier. 
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APPENDIX A 
FREE FLOATING BEHAVIOR 


Appendix A: FREE FLOATING BEHAVIOR 


In order to determine the critical, wave loading conditions for the finger/ 
spine joint, free floating response amplitude operators were calculated for 
sea headings of 180°, 160°, 135°, 110° and 100°. Motions were also calcu- 
lated for a sea spectrum with a significant height of 6 ft. and mean period 
of 5.5 seconds. Fig. A-l illustrated the orientation of the heading angles. 


Strip theory was used to estimate the vessel motions, the pier was divided 
into thirty-two stations (strips), the distribution of the stations over the 
length is shown in Fig. 1-A. The pier was modelled as a free floating 
stationary vessel. 


The response amplitude operators, and the statistics of motion for the 
specified sea spectrum are included in Pages A-8 to A-l7. The response 
reported in the outputs is for the local origin specified for the mathematical 
model (see Fig. A-l). Or, the motions represent the displacements of the 
joint end of the finger pier. 


It is seen that a wave heading of 110° is most severe for the imposed sea 
spectrum, except for sway and roll motions which are greater for a heading 
of 100°. (See p. A-6) 


A computer program, Ocean Systems Computer .s:nalysis Routines (OSCAR), 
compiled by Ultramarine Inc., of Houston, Texas was used for the free 


floating analysis. 
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APPENDIX B 


CONNECTION ANALYSIS 


Appendix B: FINGER/SPINE CONNECTION ANALYSIS 


A description of the mathematical model of the connection is shown in Fig. 
B-l. The links are modelled as struts with an axial stiffness of 232,000 
kips/ft. The shear key is also modelled as a strut, the stiffness of this strut 
ean be assumed to have a value which represents the stiffness of the 
fendering at the key interface. In actuality the stiffness will not be linear 
and will be effective for a certain displacement equivalent to the.maximum 
displacement the fender can withstand. The non-linearity of the stiffness 
will be neglected in this analysis. The effect of increased stiffness can be 
determined by varying the stiffness of the structural components relative to 
each other. 


The model assumes that all vertical motions due to roll, pitch and heave at 
the connection interface are unconstrained. The links resist yaw and surge 
and the shear key resists sway. It is assumed that the tolerance and low 
friction at the shear key, and the hinges in the links will provide the freedom 
of movement in the vertical plane. 


The most significant limitation is due to the assumption that neglects the 
effect of pitch. Pitching can cause axial deformation in the links which are 
placed at the deck level. The displacements at the deck level will be 
increased if the bottom of the finger pier pivots against the hull of the spine 
pier. This effect can be reduced by tapering the connection end of the finger 
pier, shown in Fig. 6. Or in other words the depth of the area bearing 
against the spine pier should be minimized. 


From the summary of motions (p.A-6) it is evident that a wave heading of 
110 degrees will impose the most severe forces on the links. The forces in 
the links are caused by surge and the yaw moment. The contribution from 
surge will not be very significant, but the yaw moment has to be resisted by 
a tension-compression couple in the links. 


OSCAR could not be used to model the connection as described above. 
Another approach was taken to estimate the forces in the links. The 
theoretical justification of the approach taken to analyze the foces in the 
connection structure is as follows: 


B-l 


Virtual Mass Matrix 


The virtual (added) mass and damping co-efficients for various frequencies 
for the finger pier are reported in the OSCAR output. 


If the mass coefficients are multiplied by My. 
M; = inherant vessel mass 


The results represent the diagonal of the virtual mass matrix evaluated 250 
ft. from the centeroid of the vessel. The actual virtual mass matrix is 


nearly diagonal when evaluated at the centeroid. If: 
j 


M(= deagonel From OSCAR. 
Mo = aegonal at centeroud - 


Surge : Mor 
Sway : Moz 
Heave 


Roll: Mog 


Mos + Moz C250)* =Ms5 
Mos = M's - Moz C250)" 


Moe + Moz C250)" = MM 
Moe = M& - Moe (e50)* 


The computed mass properties at centeroid are included in Appendix B., P. B-13. 


Inherent Mass Matrix 


The inherent mass matrix is diagonal at the centeroid. 


M 
M 


M 
Mz 
M3 
M¢ 
Ms 
Me 


= tota/ vesse/ mass 


= M 


= M 


=M 


95¢ 
954 


254 


deplacement = (2xB0x500 x 0.066/22.7 2954 Lp. s? 
9g Fe. 


kup. s*/ft. surge 
” - Swey 
> ~ heave 


= em (30%60") = S80x10% Lp? s%m roll 


= Yam (500*430) = 6423x100 ~~ pitch 
= YizM (80° +5007) =656.4x10e ~ ~ . yaw 


Damping Matrix 


Assume if the added damping coefficient? reported in OSCAR are multiplied 


by My, the results represent the diagona} 


the damping matrix evaluated 


250 feet from the centeroid of t' vessel. ine actual damping matrix at the 


centeroid is nearly diagonal. 


Cs dvagonal 
Cov = avapo na / 
Surge : Cor 
Sway : Coz 
Heave Cos 
Roll Cog 
Petch : Cos 
Yaw Coe 


If: 
From OSCAR 

at centeroud . 
c,' 

Ce 

Ce 


‘ 


Cy 

( 2 
Cs -— Cox C250) 
Ce ~ Coz C2s0)* 


Stiffness Matrix 


At the centeroid of the vessel, the stiffness matrix is diagonal. 


Ku oO surge . 
Kzz oO Sway ; 


K33 500x60x0.00¢ = 2560 kup /te. heave - 


GM x dusplace ment = 32.0 x50720 = 295x107 Epos. 


Key 
Kss = Ye x 80x 500" 10.06¢ =53.3x/0° kip-Ft 


Kee=z O Yow . 


Dyna:..ic Equations: 


The equation of motion is: 
MV +Cv + Kv =P 
where : 
V= Ve @sCwt) + Vs Sinlwt) 
= V Cosé) 
= V Sun Cb) 
= -wve Sm Cwt) + wVs Coscwt) 
= -w*eCoscwt) - w?Vs Sen cwt) 
fe CosCwt) + Fs Sen wwe) 
-w?MVve + WOVSs + KVe 


~w*Mys — wCVe + K Vs 


expressing in complex numbers. 
-w? My - CWCOVs + KVe 


-w?MCVs- CwlVe + KEVs 


ro//. 
peteh ; 


[-w?M - éwC +k} (ve +e v5 = [2 + c Ps 
dynamic matrix displ. vector force vector 
(6x6) (6x1) (6x1) 


(*for each encounter frequency) 


The dynamic matrix was evaluated at the joint end of the finger pier. Then 
for a heading of 110° the RAO's reported for the free-floating case were 
converted to Ve and V, for the respective phase angles. These were 
multiplied with the dynamic matrix to obtain the force vectors. After the 
force vectors were computed the system of equations was solved for 
displacements, with the joint stiffness included in the stiffness component of 
the dynamic matrix. 


The forces in the structural components were calculated from the computed 
displacement for each wave frequency. Then a force amplitude spectrum was 
obtained for an irregular sea with 6 feet significant wave height and a mean 
period of 5.5 seconds. Results were reported for average of 1/3 of spectral 
peak values times 1.92, to give a value which has a probabililty of being 
exceeded of 0.001. 


A parametric study was done to determine the effect of varying the stiffness 
of the connection components relative to each other. The response of the 
system (RAO's) was calculated for the following structural stiffnesses: 


Surge (k/f) Sway (k/f) Yaw (k-f/f) 
Case 1 4.64E5 1.0E5 7.4E8 
Case 2 2.32E5 1L0E5 3.712E8 
Case 3 2.3E5 0.5E5 3.712E8 


Case 4 ao oo oo 


An insignificant difference was observed in the response for the above four 
trials see pp. B-36 to B-44. Hence, it can be concluded that for the range 
of stiffness and wave frequencies studied, the system was insignificant 
dynamic amplilfication and the forces generated in the connection com- 
ponents are essentially due to resisting the motions of the pier. 
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